Introduction
The heat-calibration wind tunnel (HCWT) is a kind of the important experiment facilities to simulate the heat test environment with high temperature and high-speed airflow [1] . The temperature control of the heat-air-flow in HCWT is a challenge issue. Considering the airflow's speed of the wind tunnel is fixed within a certain experimental stage, so the temperature of combustor is mainly determined by regulating the flow rate of the fuel oil to be participated in burning. There are three kinds of method to realize the control the fuel flow rate: servo valve, variable pump, and variable-frequency-regulating-speed (VFRS) pump [2] . Petkovic et al. [3] researched the modeling of thermal system. Yu et al. [4] and Ren et al. [5] studied the fuzzy proportional-integral-derivative (PID) control in the temperature system. This paper mainly discusses the modeling and control of the temperature system of HCWT.
Model of HCWT
The studied HCWT and its control system block diagram are shown in figs. 1 and 2. HCWT consists of fuel supplying subsystem and temperature control subsystem. The establishment of HCWT model includes the model establishment for two subsystems.
Supposed that the variable frequency motor is operated as constant voltage-frequency ratio mode, its output rotational speed can be approximately expressed as: Assuming the fluid resistance R in supplying pipeline is linear, and substituting the flow rate formulas of thin-wall hole and the pipe line pressure loss into (2) yields:
where C d is the flow coefficient, A 1 -the cross-sectional area of the hole, Δp -the pressure difference of the nozzle, ρ -the fuel oil density, -the specific heat capacity of the airflow of the combustor, K -the heat transfer coefficient of the combustor, A and V are the heat transfer area and the volume of the combustor, respectively, α is the scale factor, and ρ 1 -the density of the airflow in the combustor. Figure 2 is the block diagram of the cascade temperature control system. The proposed controller consists of three parts: inner PID, Smith predictive compensation, and out-loop fuzzy PID control. In fig. 2(a) , C 1 (s) and C 2 (s) are the inner-loop controller and the out-loop controller, respectively, H 1 (s) and H 2 (s) are the transfer function of the flow sensor and of the temperature sensor, respectively. From fig. 2a , we can deduce the transfer function G p (s) as:
Control strategy and numerical simulation
In fig. 2(b) , to design predictive compensator G k (s) and the fuzzy PID control law reject to the influences of the time lag and the time-varying parameters, respectively.
Parameters values in the numerical simulation model are shown in tab. 1. Figures 3 and 4 are the simulation results the controlled temperature without disturbance and with disturbance, respectively. As shown in fig. 3 , introducing Smith compensation and fuzzy PID in the cascade control system can significantly reduce the overshoot of the temperature control system, but also improved the steady-state performance of the system. As shown in fig. 4 , while system exists disturbance (e. g. fuel oil flow rate impulse), Smith fuzzy PID cascade control has the better control effects than the conventional PID cascade control, especially, it has the better robustness. 
Conclusions
This paper mainly concerns with model and control for the fuel-oil flow rate and the output air-flow temperature of the combustor in HCWT. The theory analysis and simulation illustrates that the established mathematic model can approximately describe the dynamic characteristics of two subsystems of fuel-oil supplying and combustor in HCWT, and the proposed fuzzy PID control strategy with Smith predictor control can effectively solve the problems such as the large heat-inertia lag and the measuring lag existed in the cascade temperature control system. Moreover, the designed control law has also a certain restraining effect to the parameters time-varying and the disturbance existed in the plant.
